ABSTRACT. Maize White Spot (MWS), a foliar disease caused by Pantoea ananatis, could cause up to 60% yield loss. Some strains of P. ananatis harboring the ice nucleation gene inaA catalyze the formation of ice nuclei, causing tissue damage at temperatures slightly below freezing. Little is known about the relationship between the presence of the ina gene in this maize pathogen and its expression during the phenomenon of ice nucleus formation. Here, we attempted to verify the presence of the inaA gene and the expression of phenotype in vitro. The identity of the isolates and the presence of the inaA gene were determined by P. ananatis speciesspecific primers. The expression of the inaA gene was assessed in vitro by the visualization of ice-crystal formation in water at subzero temperatures. A total of ninety P. ananatis isolates from MWS lesions were characterized. The presence of the inaA gene was confirmed by gel electrophoresis of the 350-400-bp PCR products. The inaA primers did not lead to DNA fragment amplification in three isolates. The ice nucleation phenotype was expressed in 83.34% of the isolates carrying the inaA gene. Our study showed that the ice nucleation in P. ananatis isolated from MWS lesions was dependent on the presence of a functional ina gene in the genome. We also found evidence indicating that some P. ananatis strains have a mutated form of the inaA gene, producing a non-functional ice nucleation protein. This is the first report on inaA gene characterization in P. ananatis isolates from Maize White Spot.
INTRODUCTION
Found in nearly all maize-producing areas, the Maize White Spot (MWS), caused by Pantoea ananatis, has emerged as one of the most important foliar diseases in maize culture in Brazil (Costa et al., 2013) .
The onset of the disease is marked by a dark green water-soaked leaf spot, which later turns straw-colored and necrotic (Paccola-Meirelles et al., 2001) . Moderate temperatures around 14°C and high relative humidity in the atmosphere associated with frequent rainfall favors the disease. The high incidence and severity of maize white spot disease has contributed to a significant reduction in corn yield in Brazil since the 1990s (Costa et al., 2013) . The disease incidence has also increased significantly in many countries (Pérez-y-Terrón et al., 2009; Alippi and López, 2010; Krawczyk et al., 2010) .
P. ananatis is a Gram-negative, non-sporulating, facultative anaerobic bacterium, which forms bright yellow mucoid colonies with regular borders. This species belongs to the family Enterobacteriaceae, phylum Gammaproteobacteria, and has a single circular chromosome and one plasmid (Choi et al., 2012; De Maayer et al., 2012) . P. ananatis colonizes the leaf surface and maize straw (Sauer et al., 2015) , and has been identified as the agent responsible for the formation of the foliar lesions in maize, in Brazil (Paccola-Meirelles et al., 2001) , South Africa (Goszczynska et al., 2007) , Mexico (Pérez-y-Terrón et al., 2009) , Poland (Krawczyk et al., 2010) , and Argentina (Alippi and López, 2010) .
P. ananatis catalyzes the formation of ice nuclei or ice crystals at temperatures slightly below 0°C in the presence of water, similar to other species of the genus Pantoea (Erwinia), Pseudomonas, and Xanthomonas (Lindow et al., 1978a (Lindow et al., , 1982b Lindow, 1983) . This mechanism is known as ice nucleation (INA), and bacteria active in ice nucleation are phenotypically classified as INA + (Lindow et al., 1982a,b) . According to Lindow et al. (1982a,b) and Lindow (1983) , the INA + phenotype may be related to the virulence of P. ananatis. The ice formed by the bacterium in the intercellular spaces collapses the vegetal cell, leading to leakage of the cell contents, which in turn causes necrotic foliar spots, which are typical of MWS lesions (Lindow et al., 1982b; Sauer et al., 2014) .
According to Kozloff et al. (1983) and Lindow (1983) , the protein known as INP (ice nucleation protein) is responsible for the ice nucleation activity. This protein is 120-180 kDa in size, has a highly repetitive amino acid sequence (Green and Warren, 1985; Kawahara, 2002) and a similar primary structure in all INA + bacterial species, and is found inside vesicles localized in the bacterial cell wall (Lindow, 1983; Phelps et al., 1986; Kawahara, 2002) . Orser et al. (1983) demonstrated that the INA + phenotype is coded by a single gene localized in a 3.5-to 4.0-kb DNA region. The following genes were identified for different bacterial species: inaZ (Green and Warren, 1985) , inaC (Lindow et al., 1989) , and inaV (Warren, 1995) in Pseudomonas syringae; inaW (Warren et al., 1986) in P. fluorescens; inaE (Warren and Corotto, 1989) in Erwinia herbicola; inaA (Abe et al., 1989) in Pantoea ananatis; inaU (Michigami et al., 1994) in Erwinia uredovora; and inaX (Zhao and Orser, 1990) in Xanthomonas campestris pv. translucens.
The INA phenotype is unusually distributed among the bacterial species of different genera. Not all species within a genus, or all strains within a species, exhibit the INA + phenotype (Lindow, 1983 ). Moreover, not every cell in a population of an INA + strain bacterium actively performs ice nucleation (Lindow et al., 1982b; Lindow, 1983; Pearce, 2001 ). This phenotypic variability of INA suggests that the ina gene may have followed an unusual evolutionary pattern by horizontal transfer of bacterial ina genes (Edwards et al., 1994) .
Little is known about the variability of the INA phenotype in populations of P. ananatis of MWS foliar lesions. In a recent study (Sauer et al., 2014) , nine of fifteen P. ananatis isolates from MWS lesions from two different locations showed phenotypic variability for INA + . However, the presence or absence of the inaA gene in those isolates was not tested using molecular biological methods. Therefore, the aim of this study was to characterize P. ananatis isolates from MWS lesions occurring in maize plants from different Brazilian locations, based on molecular detection of the inaA gene and its phenotypic expression in vitro.
MATERIAL AND METHODS
P. ananatis was isolated from MWS lesions using a method described by Paccola-Meirelles et al. (2001) . The DNA of isolates was extracted as described by Ausubel et al. (1992) . The internal transcribed space of the 16-23S rRNA genes of the isolates was amplified by polymerase chain reaction (PCR) with species-specific primers designed for P. ananatis: ANAF (forward), 5'-CGTGAAACTACCCGTGTCTGTTGC-3' and ANAR (reverse), 5'-TGCCAGGGCATCCACCGTG TACGCT-3', which amplifies approximately 360 or 388 bp of the P. ananatis DNA (Figueiredo and Paccola-Meirelles, 2012) .
The PCR mixture was composed of 2.5 µL PCR 10X buffer (20 mM Tris-HCl, pH 8.4 and 50 mM KCl), 1.0 µL MgCl 2 (50 mM), 1.0 µL of each primer (3 mM); 2.5 µL dNTP mix (2.5 mM), 0.5 µL Taq DNA polymerase (5 U/µL), 1 µL DNA (~20 ng, quantified using a Scandrop ® device (Analytik, Germany), and sterilized ultrapure water (final volume = 25 µL). The PCR was performed on a TX96 thermocycler (Amplitherm) under the following conditions: denaturation at 95°C for 3 min, 29 cycles of denaturation at 95°C for 30 s, annealing at 58°C for 30 s, and extension at 72°C for 30 s, and a final extension at 72°C for 10 min. After amplification, approximately 10 µL of each sample was submitted to horizontal electrophoresis on a 1% agarose gel 1X TAE (0.04 M Tris-acetate, 0.001 M EDTA, pH 8.0) (8 V/cm 2 ) buffer. The gels were stained with ethidium bromide (0.5 µg/µL), visualized under ultraviolet light, and photographed with the L-Pix Ex Image photo documentation system (Loccus Biotecnologia, Brazil).
inaA gene expression was determined by PCR using the method described by Nejad et al. (2006b) utilizing species-specific primers (INA A upper primer 5'-AGG CTT TGA GAA CGG ACT AAC G-3' / INA A lower primer 5'-TTT CTG TCG GCT GCG TAC TG-3') for the inaA gene of P. ananatis (syn. Erwinia ananas), designed to amplify a DNA sequence of approximately 350-400 bp). The PCR mixture (20 µL) was composed of 2.5 µL 10X buffer, 2.5 µL 2.5 mM dNTP mix, 1 µL (50 mM) MgCl 2 , 1 µL (5 µM) each primer, 0.5 µL (5 U/µL) Taq DNA polymerase, 1 µL DNA (50 ng), and 10.5 µL H 2 O. The mixture was amplified in a thermocycler (Amplitherm TX96) at 94°C for 5 min, followed by thirty-five cycles of heating at 94°C for 45 s, annealing at 60°C for 45 s, and extension at 72°C for 1 min, and a final extension at 72°C for 5 min. Ten microliters of each of the reaction samples were submitted to horizontal electrophoresis on a 1% agarose gel (with 1X TAE buffer) to confirm the amplification.
The expression of the inaA gene phenotype was confirmed by cultivating the isolates in tryptic soy broth (TSB) with 2.5% glycerol (v/v) (Lindow et al., 1978a) , and incubating the cultures at 28°C for 24 h. The cultures were homogenized and the concentration of the bacterial suspension was adjusted to approximately 5 x 10 8 colony-forming units/mL in a spectrophotometer by ensuring an optical density at 600 nm (OD 600 ) of 0.3 (cell concentration). Next, 0.1 mL culture was added to assay tubes containing 1 mL sterilized ultrapure water (Milli-Q) and incubated in a -10°C ice bath for 2 min. The instantaneous ice formation in the tube upon addition of the bacterial solution revealed the positive INA phenotype (INA + ). The control consisted of TSB medium with 2.5% bacterium-free glycerol (v/v) in tubes containing sterile ultrapure water. Three replicates were prepared for each isolate.
RESULTS
Ninety P. ananatis isolates from MWS lesions were analyzed for the presence of the inaA gene, and its expression was characterized in vitro (Table 1) . DNA fragments (approximately 350-400 bp in length) were obtained following the positive amplification of the inaA gene (Figure 1 ). PCR amplification with INA A primers did not yield any products in only three of the isolates (37, 84, and 87) ( Table 1) .
The ice nucleation phenotype was expressed in 83.34% of the inaA + isolates (Table 1) . The results clearly indicated that the presence of the inaA + gene was in itself insufficient for the expression of the ice nucleation phenotype.
DISCUSSION
The INA phenotype is dependent on external factors, such as the age of the bacterium and culture conditions (Lindow et al., 1978b; Wysmierski et al., 2005; Nejad et al., 2006b; Sauer et al., 2014) . Another study has also reported a relationship between the number of bacterial cells and ice-nucleation activity (Nejad et al., 2006a) . As the size of INA bacterial populations varies among different plant species, sites, climates, and seasons, only a small percentage of cells in a population are effective as ice nucleators (Pearce, 2001) . The presence of glycerol in the culture medium is crucial to increase the number of external vesicles in the cellular wall of P. ananatis (Sauer et al., 2014) . These vesicles contain INP, which are responsible for the formation of ice nuclei (Phelps et al., 1986; Kawahara, 2002) . Therefore, in our study, P. ananatis was grown on culture medium supplemented with glycerol, in order to induce ice nucleation activity.
The ice formation is not fully understood; moreover, the technique used to visualize the ice formation also has some limitations. In particular, the effects of solutes and mechanical pressure on the kinetics of liquid-to-solid phase transition of aqueous solutions to ice have remained unresolved (Koop et al., 2000) . The ice nucleation proteins form aggregates of several sizes on the bacterial outer membrane. The larger the aggregate, the more efficient the ice nucleus (Hirano and Upper, 2000) .
Ice nucleation has been used as a tool to differentiate strains among some pathovars of P. syringe (Jones et al., 1983; Hirano and Upper, 2000) . Strains of P. syringe pv. syringae are generally INA + , whereas P. syringe pv. tomato or pv. morsprunorum strains show no active ice nucleation. However, not all cells of INA + strains are active in the ice nucleation process at a specific time and temperature. Therefore, this feature displays considerable phenotypic variability (Lindow et al., 1982b; Lindow, 1983) . Edwards et al. (1994) also verified that the ina gene can be present in some strains of some species and absent in others, indicating dimorphism and uncommon evolution, probably caused by a horizontal gene transfer during the evolution of bacterial ina genes. Hybridization experiments utilizing DNA fragments flanking the ina gene indicated that the genotypic dimorphism of ina may be considered as an anomalous situation. One 800-bp fragment that flanked the final 3ꞌ-sequence of the ina gene hybridized the DNA of all X. campestris pathovars, even though the ina gene was present in only 50% of these pathovars. It is interesting to note that this flanking sequence in the final 3ꞌ-region was found in all the ina + gene, as well as in the ina -gene, isolates of E. herbicola, P. syringae, and P. fluorescens (Edwards et al., 1994) . Based on these findings, we propose that the bacterial isolates used in this study may have undergone DNA mutation, resulting in alteration of gene expression or INP activity. Complete sequencing of the inaA gene of INA + and INA -phenotypes used in this study could help identify a solution to this problem. The ice nucleation caused by bacteria increase the probability of lesion onset in plants. According to Sakai and Larcher (1987) , the water inside the plant tissues does not undergo intra-or extra-cellular freezing, even at -12°C. However, in the presence of INA + bacteria, water freezes at temperatures slightly below 0°C (Lindow, 1987) . The number of bacterial cells within an active population increases during ice nucleation (as the temperature decreases). According to Burke et al. (1976) , the formation of intra-and extra-cellular ice crystals causes a mechanical rupture of cell membranes. Thus, tissue cryoinjuries would cause serious plant damage and yield loss.
As a majority of the cells within an INA + bacterial population are not active at specific times and temperatures, the probability of one or more cells becoming active at relatively high temperatures is highly dependent on the number of cells in the bacterial population. Therefore, the number of lesions caused at a specific temperature can be augmented by the size of the bacterial population in the phyllosphere (Hirano and Upper, 2000) .
Our study showed that ice nucleation of P. ananatis isolated from MWS depends on the presence of the ina gene in the bacterial genome. A comparison of these results with those reported in the literature confirmed that phenotype expression is determined by the environmental and physiological factors such as the age of bacterial culture, temperature, composition of the medium during growth, and plant and bacterial genotypes, in addition to the presence of the inaA gene in the cell (Lindow et al., 1978b; Nejad et al., 2006b; Sauer et al., 2014) .
Based on these findings, we propose that the bacterial isolates can have undergone DNA mutations resulting in alteration of gene expression or INP activity. Complete sequencing of the inaA gene of INA + and INA -phenotypes could help validate this theory.
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